Microgrid concepts in an actual hardware installation. The test setup, including hardware that incorporates the CERTS controls, is installed at American Electric Power's Walnut Test Site, near the AEP Dolan Test Center. The results of a variety of tests that cover different scenarios of step load changes and transitions from utility-tied to islanded operation will be described.
I. INTRODUCTION
The CERTS Microgrid program has developed control methods to allow the installation of distributed generators (DGs) in commercial and industrial electric power systems in a "plug and play" manner. These control methods allow the generators to be electrically distributed, rather than be installed on the same electrical bus, and do not require intergenerator communications in order to maintain appropriate voltage and frequency at each generator. The methods for accomplishing this are discussed in some detail in [1] .
Note in figure 1 that there is a communication link with the DGs that is labeled "Energy Manager". This is a conventional energy manager that is used for power dispatch purposes, not for frequency or voltage control. This energy manager can use relatively slow communications links, such as telephone or internet, since it has no bearing on system stability. This paper will discuss the results of testing that was performed at the CERTS Microgrid test bed, which is hosted by American Electric Power and located near Columbus, Ohio. These tests were designed to exercise both the frequency and voltage control algorithms developed for the CERTS Microgrid project and to exercise the utilityinterconnection device, indicated as the Static Switch in Figure 1 . This test bed is connected to the AEP distribution system at the point of common coupling (PCC), which complies with IEEE 1547, and through a step-down transformer, which
The work described in this report was coordinated by the Consortium for Electric Reliability Technology Solutions with funding support from the California Energy Commission, Public Interest Energy Research Program, under contract #500-03-024. serves the test bed at 480 volts. There are three distributed generators in the test bed, and they are tied to circuits A and B. These circuits would serve the sensitive loads of a utility customer. "Sensitive" refers to those loads that would be impacted by power quality events such as voltage sags or momentary interruptions, lasting cycles to seconds.
Note that there is both load and line impedance between all the distributed generators, which will result in the terminal voltage of each DG potentially being different from all other DGs.
II. TESTING OBJECTIVES
The testing that will be described in this paper was performed to demonstrate the ability of the CERTS control algorithms to maintain stable frequency and voltage while satisfying load during a variety of transient events. The events included in this testing all involve islanded operation, either as the continuous condition for the entire test, or as a transition from utility-tied to islanded operation. Islanded operation places the most onerous requirements on the DGs and the control algorithms because all load changes must be handled by the DGs.
The control algorithms can either be operated in the "unit" or "feeder" power control modes. In the unit control mode, DG output is monitored and controlled. In the feeder control mode, the power on the main circuit is monitored, and the DG output is controlled in response to circuit power flow. For example, in figure 1, the devices on Circuit A that are labeled P-1 and P-2 are monitoring circuit power flow and feeding that information to the respective DGs for feeder power control. This control mode would be used to control the amount of power imported to that circuit from other sources, as would be the case for peak shaving. Unit and feeder flow are described in more detail in [1] . The transition from utility-tied to islanded operation is accomplished with the static switch shown in Figure 1 . This switch is activated by power quality events, such as voltage sags and momentary interruptions, as well as by conditions that may be required by the interconnecting power system, such as reverse power flow. The power quality events are programmed into the switch controls, and included the ITIC (CBEMA) and SEMI F47 curves. These controls are programmable. The static switch and its controls are discussed in [2] .
CERTS Microgrid System Tests
It is assumed that the operating constraints on the DGs will be different when the microgrid is islanded from the constraints when it is utility-tied. For example, when utilitytied, the DGs may be dispatched to provide required thermal energy for heat loads. Upon transition to islanded operation, the constraints might change to require meeting all islanded electrical loads. Thus, when the static switch opens there will likely be a significant step change in DG output required. This step change challenges the DG control algorithms, and is the focus of one portion of the testing reported on here.
In addition, once the microgrid is islanded, load changes will need to be met in a manner that does not cause power quality issues for the islanded load. One area of particular concern is when one or more of the DGs are required to go to an operating limit (that is, either to maximum or minimum output). The control algorithms must be such that one machine can go to a limit and have other machines increase (or decrease) their output to make up the difference in required power in a stable manner, and do this with no intermachine communications. Recall that there is an energy manager that performs power dispatch during normal operation, but the frequency droop controls will override this function during islanded operation.
The following sections will discuss test results for both the utility-tied to islanded transition and for step load changes while islanded. Figure 2 shows a transition from utility-tied operation, where the DG output has been selected by the energy manager, to islanded operation, where the DG output is determined by the CERTS controls. This particular test involves having one DG unit go to its full output of 60kW, while the other unit increases until the island frequency becomes stable. The load banks before and after the transition do not change, but remain at about 105kW. The DGs change from 53kW combined output to 99.1kW combined output. The difference between the load of 105kW and the output of 99.1kW has to do with voltage differences and the voltage droop incorporated into the DG controls. The table shows that DG unit #1 increased its output from 50kW to its maximum output, 60kW, and DG unit #2 increased its output from 3kW to 39kW. The oscillograms show that these power output and frequency transitions were made rapidly and without significant voltage sag. Voltage sag for this case was approximately 2.4%.
III. TEST RESULTS
Unit #1 Transient Response Unit #2 Transient Response (Green is frequency, black is power) Figure 2 -Test results for a transition from utility-tied to islanded operation Figure 3 shows the results of testing where DG unit #2 (the DG in "Zone 4" in Figure 1 ) is in unit power control mode (where the DG output is both measured and controlled) and DG unit #1 (the DG in "Zone 3" in Figure 1 ) is in feeder power control mode (where power flow along the circuit is measured and the DG output is controlled dependent on this circuit flow.) This is a utility-tied test. In this test the initial load is 70kW, and it then changes to 120kW. DG unit #2 delivers 6kW at all times during this test. DG unit #1, the DG that is in feeder control mode, is controlled by a circuit power setpoint that allows 54kW to come from outside the circuit, then requires DG unit #1 to supply the remaining load. In this case that means that initially (before the load change) DG unit #1 supplies the difference between the 70kW load and the 54kW that is imported plus the 6kW from unit #2, or 10kW. Then the load is increased to 120kW, requiring DG unit #1 to increase it's output so that power import to the circuit form outside sources is still limited to 54kW. Thus, unit #1 must increase its output by 50kW to 60kW. Figure 3 shows that the expected power output changes occurred and that the transitions were smooth.
Green is frequency, black is power) The final test to be reported is a combined unit and feeder power control test, as described above, but with a transition from utility-tied to islanded operation. In this test the loads were set to a total of 110kW, near the maximum power available from the two DG units, in order to examine transition to operation near the upper output limit. The initial condition is that the load is 110kW. DG unit #2 delivers 6kW. DG unit #1, the DG that is in feeder control mode, is controlled by a circuit power setpoint that allows 54kW to come from outside the circuit, then requires DG unit #1 to supply the remaining load. In this case that means that initially DG unit #1 supplies the difference between the 110kW load and the 54kW that is imported plus the 6kW from unit #2, or 50kW. The microgrid is then islanded, and the two 60kW DGs are required to supply the entire 110kW load. As can be seen in Figure 4 , the only change required is for DG unit #2 output to increase from 6kW to 56kW. Figure 4 shows that the change to islanded operation along with the required increase in output from DG unit #2 occurred rapidly and without significant transients.
(Green is frequency, black is power) Figure 4 -Test results for a transition from utility tied to islanded operation with one DG unit in unit control mode and one in feeder control mode
IV. CONCLUSION
Testing at the CERTS Microgrid testbed, hosted by American Electric Power, has shown that the control algorithms developed for the CERTS Microgrid project perform robustly during a variety of transient events. These events include separation from the utility power system as well as step load changes while the microgrid is islanded. In addition, these controls have been shown to be able to control either the power output of the individual DGs, or the power flow in the circuit that the DGs are connected to. 
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